Purpose: The scatterer properties of breast tissues are related to the presence of collagen structures, while the elasticity properties of breast tissues depend on their structural organization; these two characteristics are functionally complementary in ultrasound-based tissue characterizations. This study investigated the use of a strain-compounding technique with Nakagami imaging to provide information associated with the scatterer and elasticity characteristics of tissues when attempting to identify benign and malignant breast tumors. Methods: The efficacy of the proposed method was tested by collecting raw data of ultrasound backscattered signals from 50 clinical cases (25 benign tumors and 25 malignant tumors, as verified by histology biopsies). The different strain conditions were created by applying manual compression. For each region in which breast tumors were suspected, estimates of the full width at half maximum (FWHM) from the Gaussian fitting curve for the Nakagami-parameter histogram in the straincompounding Nakagami images were divided by those of the corresponding reference Nakagami images (uncompressed images); this parameter was denoted as the FWHM ratio. Receiver operating characteristic (ROC) curve analysis was adopted to assess the diagnostic performance. Results: The results demonstrated that the difference in scatterer distributions between before and after compounding was greater for benign tumors than for malignant tumors. The FWHM ratio estimates for benign and malignant tumors were 0.76 6 0.14 and 0.96 6 0.06 (mean 6 standard deviation), respectively (p < 0.01). The mean area under the ROC curve using the FWHM ratio estimates was 0.92, with a 95% confidence interval of 0.83-1.00. Conclusions: These findings indicate that the strain-compounding Nakagami imaging method based on the acquisition of multiple frames under different strain states could provide objective information that would improve the ability to classify benign and malignant breast tumors. 
I. INTRODUCTION
Breast cancer is the most frequent cancer among women worldwide. Early diagnosis of breast abnormalities is effective in reducing breast cancer mortality.
1 X-ray mammography is currently used for the detection of breast tumors due to its high sensitivity, but it has an unavoidable radiation dosage and a low specificity, especially for women younger than 40 years. 2, 3 Supplementary ultrasound plays an important role in applications where the use of x-ray mammography is restricted by its ionizing effects. 4, 5 Attempts to improve the diagnosis and characterization of breast lesions have commonly been explored and adopted computer-aided diagnosis of the ultrasound B-scan image for the classification of benign and malignant tumors. [6] [7] [8] [9] The degrees of angiogenesis, cellularity in the stroma, and fibrosis formation can differ between malignant and benign breast tumors. 10, 11 For ultrasound tissue characterization, the scatterer properties of breast tissues are related to the presence of collagen structures such as the the microvasculature and elastin fibers, 12 while the elasticity properties of breast tissues depend on the structural organization of the extracellular matrix and cross-links of the collagen fibers. [13] [14] [15] A previous study has shown that malignant tumors can have a heterogeneous structure and different calcification patterns that contribute to a much higher degree of variance in the scattering cross section. 16 Moreover, it is well known that most malignant tumors are harder than benign tumors due to the presence of desmoplastic reactions with surrounding tissues. [17] [18] [19] Therefore, the elasticity and scatterer characterizations will be functionally complementary for describing pathologic changes.
Processing of raw data from radio frequency (RF) ultrasound backscattered signals has been used for characterizing breast tumors based on the scatterer properties of tissues. 20, 21 The Nakagami distribution has been widely used as a general model for describing backscattered signals exhibiting varying statistics. 22, 23 The Nakagami parametric image (i.e., Nakagami image) based on the Nakagami statistical model has also been shown to be useful for discriminating between benign and malignant breast tumors, especially in terms of reducing the confounding effects of system and operator parameters. 16, 24 Nevertheless, it is difficult to characterize tumors based on the data in a single Nakagami image, since the scatterer arrangements or concentrations in a breast tumor are not necessarily uniformly distributed. 16 Besides, RF-based assessments of quantitative information often focus on the scatterer characteristics in breast tumors and do not consider the tissue elasticity.
Ultrasound strain imaging (i.e., ultrasound elastography) has been developed to measure the stiffness of breast lesions relative to the surrounding tissue. The strain-compounding imaging technique can improve the elastographic signalto-noise ratio by combining multiple images obtained under different strain conditions. [25] [26] [27] This method is particularly useful for reducing speckle in B-scan images, due to speckle decorrelation. A strain-compounding imaging algorithm is used to track the spatial redistribution of tissue scatterers following deformation, with backscattered signals being acquired prior to and during slight compression of the tissues. The different strain states can be created by acousticradiation-force excitation or applying manual external compression. External compression deforms tissues and produces three-dimensional tissue motion. The apparent tissue deformation is estimated by a correlation technique in order to obtain the local displacement, which is related to the elasticity of the tissue. However, the breast thickness, lesion size, lesion depth, and pathologic changes all influence the ability of ultrasound elastography to classify benign and malignant masses. 19 Applying the strain-compounding method to Nakagami imaging could provide novel useful information for tissue characterizations. Sequential Nakagami images obtained under different strain conditions can display the various distributions of scatterers in tissues of different stiffnesses, implying that an integrated analysis based on the strain-compounding Nakagami imaging methodology could facilitate the differentiation of benign and malignant breast tumors. Figure 1 demonstrates the idea and framework of this study, in which clinical data were obtained from 50 breast tumors that had been subjected to histology biopsies. Different strain conditions were created by manual compression. The Nakagami-parameter histograms of tumor regions were analyzed to explore the differences in scatterer distributions between before and after compounding. The receiver operating characteristic (ROC) curve was used to evaluate the performances of the reference Nakagami image (uncompressed image) and the strain-compounding Nakagami image in distinguishing benign from malignant tumors.
This paper is organized as follows: Sec. II introduces the materials and methods, Sec. III describes the clinical tests, and Sec. IV presents some important findings and draws conclusions about the potential of the strain-compounding Nakagami image in breast ultrasound.
II. MATERIALS AND METHODS

II.A. Data acquisition
Ultrasound images were acquired using a commercial ultrasound scanner (Model t3000, Terason, Burlington, MA), with the raw RF data digitized at a sampling rate of 30 MHz. The wideband linear-array transducer (Model 12L5, Terason) comprising 128 elements was operating at a central frequency of 7.5 MHz with a À6 dB bandwidth of 60%. Pulse-echo testing of the ultrasound transducer showed that the pulse length of the incident wave was approximately 0.7 mm, the axial resolution was 0.4 mm, and the lateral resolution was 0.6 mm. This study was approved by the Institutional Review Board of National Taiwan University Hospital. in this study. All lesions were identified and classified by an experienced breast physician familiar with breast ultrasound interpretation as category 3, 4, or 5 on the Breast Imaging Reporting and Data System (BI-RADS). The ages of the patients ranged from 20 to 73 years, and lesions ranged between 0.7 and 5.5 cm in diameter. The final assessments were obtained by fine-needle aspiration or core-needle biopsies, which confirmed the inclusion of 25 benign tumors and 25 malignant tumors. The correlations between patient age, associated ultrasound findings, and histology findings of all cases are summarized in Table I .
The linear transducer was placed on the breast containing the legion with the largest diameter, and an image sequence was acquired within 3 s while manual compression was applied to the region of interest at a relatively constant velocity of about 4 mm/s. The degree of compression applied to the target lesion was controlled by the physician, with the compression depth varying from 0.8 to 1.3 cm depending on the breast thickness. Approximately 120 serial image slices were obtained. It should be noted that each raw radiofrequency frame had 256 beams, which are twice the number of the elements because of the use of beam-forming techniques. Each scan line was demodulated using the Hilbert transform to obtain the envelope image, and the B-scan image was obtained based on the logarithm-compressed envelope image with a dynamic range of 40 dB. Although we assumed to apply similar compression forces to all patients by the experienced examiner, the practical stress distribution of breast tissues still cannot be obtained. That means the evaluation of tissue elasticity would not be achieved in this study.
II.B. Theory of Nakagami image
The probability density function of ultrasound backscattered envelope, R, under the Nakagami statistical model is given by [20] [21] [22] 
where r corresponds to the possible values for random variable R of the backscattered envelopes, and C(Á) and U(Á) are the gamma and unit step functions, respectively. Let E(Á) denote the statistical mean; then scaling parameter X and Nakagami parameter m associated with the Nakagami distribution can be respectively obtained from
The Nakagami parameter is a shape parameter determined by the probability density function of the backscattered envelope. The Nakagami image is constructed based on the Nakagami parameter map. A square sliding window within the envelope image was used to collect the local backscattered envelopes for estimation of the local Nakagami parameter, which was assigned as the new pixel value located in the center of the window. This process was repeated with the window moving through the entire envelope image in steps of one pixel, so as to form the Nakagami image. A previous study suggested that the appropriate side length of a square window was three times the pulse length of the incident wave. 23 A pseudocolor scale was applied to clearly reveal the information in the Nakagami image. The Nakagami parameters smaller than 1 were assigned blue shading that changed from dark to light with increasing value, representing the backscattered envelope that conformed to various pre-Rayleigh statistics. Values equal to 1 were shaded white to indicate a Rayleigh distribution, and those larger than 1 were assigned red shading from dark to light with increasing value, indicating backscattered statistics with various degrees of a post-Rayleigh distribution.
II.C. Strain-compounding Nakagami imaging methodology
The three main steps involved in the strain-compounding imaging method are (1) manual compression, (2) correction of in-plane motion by speckle tracking, and (3) incoherent image addition. Previous study indicated that speckle tracking by using the RF data performs better than that in B-scan images; nevertheless, the computational load of the latter would be significant decreased. 28 In addition, processing RF data would increase the likelihood of false peak and jitter errors. 29, 30 Therefore, B-scan image speckle tracking technique was adopted in this study.
In this study, the original B-scan image (i.e., uncompressed image) was referred to as the reference image and the B-scan image obtained under a different strain condition was called the comparison image. To determine the frame number for imaging compounding, the correlation coefficient profile between the reference and comparison images was calculated. The near-complete speckle decorrelation was obtained as the correlation coefficients decreased monotonically to their minimum values. Consequently, total five frames in the acquisition sequence that produced nearcomplete speckle decorrelation were added incoherently in this study. 31 Note that determination of the correlation values can assure the optimal applied compression for each case and exclude substantial errors because of too large compression.
The in-plane motions of these five frames were corrected using the multilevel block sum pyramid (BSP) algorithmwhich integrates the BSP algorithm and the multilevel block-matching (MLBM) algorithm-for two-dimensional speckle tracking in B-scan images to obtain the displacement maps. [32] [33] [34] The BSP algorithm focused on the alignment process of speckle tracking, which involved calculating the similarity between the reference and comparison images. The MLBM algorithm expedited the searching process by comparing matching blocks on a level-by-level basis. In all cases, the matching blocks were 32 pixels by 32 pixels (2.88 Â 2.88 mm) and the search windows were 21 pixels by 21 pixels (1.89 Â 1.89 mm). This size of matching block was chosen because it covered more than ten independent speckle spots, which ensured the acquisition of reasonable speckle tracking results. 26 The displacement was estimated by searching for the best-matched pixel in the comparison image that had the highest similarity to the original pixel in the reference image. The speckle tracking algorithm continued until the displacement map for all pixels in the reference image was obtained.
The displacements of some of the pixels remained undetermined, and so these were subsequently calculated using bilinear interpolation from the determined displacements in order to reduce estimation errors. The bilinear interpolation scheme has been proven to be the accurate 2D interpolation method and widely applied in reconstruction of the displacement field. 26, 35 In our data, about 13% of the total pixels in the displacement map were obtained from bilinear interpolation. Then, the acquired displacement map was used to correct the pixel coordinates of the comparison image. After the selected five frames had been spatially corrected, these frames were additively combined to obtain the strain-compounding B-scan image.
In order to correctly compound five Nakagami images obtained in the acquisition sequence, the displacement maps obtained from the five B-scan images were used to spatially correct the corresponding envelope images. Subsequently, the corrected envelope images were processed to construct the five Nakagami images, from which the strain-compounding Nakagami image was created. Figure 2 presents the basic flowchart of the procedure employed in this study.
II.D. Statistical assessment
The probability (p) values of Student's t-tests of each parameter were calculated for differences between benign and malignant breast tumors. A difference was assumed to be statistically significant when p was less than 0.05. The classification performance was assessed using the ROC curve and was quantified as follows: 36 (1) the accuracy represented the proximity of measurement results to the true value, (2) the sensitivity corresponded to the proportion of actual positives, such as the percentage of patients who were correctly identified under the cases of malignant tumors, and (3) the specificity indicated the proportion of actual negatives and percentage of patients who were correctly identified as having benign tumors. Each operating point on the ROC plot represented a (1 À specificity)/sensitivity pair corresponding to a particular decision cut-off point.
Perfect discrimination would be indicated by an ROC curve passing through the upper-left corner [or the (0, 1) coordinate] of the ROC space. Therefore, the closer the ROC curve was to the upper-left corner, the higher the overall accuracy of the test (in terms of maximizing the sensitivity   FIG. 2 . Flowchart summarizing the strain-compounding Nakagami imaging method used in this study. The steps involved in strain-compounding B-scan imaging and strain-compounding Nakagami imaging are shown. and specificity). In this study, the cut-off point was selected as the operating point closest to the (0, 1) coordinate. Furthermore, the area under the ROC curve (A z ) was a convenient way of quantifying the diagnostic accuracy of a test, because it was independent of the decision cut-off point. The 95% confidence interval of A z was used to express the range of values for which 95% of the sample estimate matched the true value in the entire population.
III. RESULTS
Figures 3 and 4 present breast images of a fibroadenoma and an invasive ductal carcinoma, respectively. The two tumors corresponded to the hypoechoic signals in the reference B-scan images, as shown in Figs. 3(a) and 4(a) . The tumor boundaries were distinct in the strain-compounding B-scan images due to the speckle reduction, as shown in To quantitatively describe the different results obtained in histogram analysis for benign and malignant tumors, we assumed that there was a large number of Nakagami parameters available within the tumor region; the histograms could therefore be fitted by Gaussian curves (see red lines in the figures) in order to determine their full width at half maximum (FWHM) based on the central limit theorem. 37, 38 Moreover, the coefficient of determination (R 2 ) was used as a measure of how well the Gaussian curve fitted the histogram. Then, the FWHM estimates for the strain-compounding Nakagami images were divided by those in the corresponding reference Nakagami images; this parameter was denoted as the FWHM ratio. Figure 5 shows box plots for the distributions of m avg and estimates of the FWHM ratio for benign (n ¼ 25) and malignant (n ¼ 25) tumors. The m avg estimates in the reference Nakagami images for benign and malignant tumors were 0.59 6 0.13 (mean 6 standard deviation) and 0.50 6 0.12, respectively (p < 0.05); the corresponding values in the strain-compounding Nakagami images were 0.58 6 0.12 and 0.49 6 0.12 (p < 0.05). The m avg estimates did not differ significantly between the reference and strain-compounding Nakagami images, while the FWHM ratio estimates for benign and malignant tumors were 0.76 6 0.14 and 0.96 6 0.06, respectively (p < 0.01).
Since the t-test did not take account of the variation in the case samples, 39 a comparison of the validity of these estimates in discriminating between benign and malignant masses-performed using ROC analysis-is illustrated in Fig. 6 . The performance was best for the FWHM ratio estimates, as indicated in Table II by a diagnostic accuracy of 88.0%, a specificity of 84.0%, and a sensitivity of 92.0%. The positive and negative predictive values were 85.2% and 91.3%, respectively. The FWHM ratio with higher sensitivity, the less likely diagnostic test returned false-positive results, and that indicated to capture most possible malignancies. In comparison with using the m avg estimates for the reference and strain-compounding Nakagami images to characterize breast tumors, the improvement in specificity corresponds to enhancing the ability to diagnose benign lesions. It is known that a good diagnostic test is a one that has both high sensitivity and specificity. 36 Moreover, the A z values obtained using the m avg estimates for the reference and strain-compounding Nakagami images were 0.68 and 0.69, respectively, with 95% confidence intervals of 0.53-0.83 and 0.54-0.84; that using the FWHM ratio estimates was 0.92, with a 95% confidence interval of 0.83-1.00. The larger the A z value, the more accurate the diagnostic test is; in general, this value of 0.7-0.9 is considered excellent discrimination, whereas a value of 0.5 indicates no discrimination. 36 The difference was demonstrated by comparing the A z values because these were determined independently of decision criteria, thus eliminating the influence of the cut-off point on sensitivity and specificity values. The ability to distinguish benign from malignant tumors advanced significantly between the FWHM ratio estimates and the m avg estimates for both the reference and straincompounding Nakagami images (p < 0.05); that is, the FWHM ratio estimates provided significant better classification performance.
IV. DISCUSSION AND CONCLUSIONS
A benign tumor that is associated with calcification can readily be categorized as BI-RADS category 4 on a B-scan image. A calcification point with a high echogenicity would behave like a point reflector, corresponding to a strongly pre-Rayleigh distribution, 16 and hence a fibroadenoma would be classified as a malignant tumor based on the m avg estimates for the reference and strain-compounding Nakagami images, respectively, as in the example shown in Fig. 7 . However, that fibroadenoma could be classified as benign based on the FWHM ratio estimates. This discrepancy could have been due to the entire tumor having a low stiffness, resulting in the scatterers within this tumor exhibiting a higher degree of variability between before and after compounding. On the other hand, some studies have found that the main limitation of elastographic image acquisition was poor definition of the boundary of lesions greater than 3.5 cm in diameter or deeper than 2 cm. 18, 19, 40, 41 Elastographic recordings were also hindered by the surrounding tissue-which is used as an internal reference standard for strain calculation-being poorly displayed in the case of larger lesions.
The above-described characteristics resulted in nine lesions with diameters larger than 4 cm being included in our data. For example, a large fibroadenoma associated with fluid-filled spaces and a large invasive ductal carcinoma mixed with invasive lobular carcinoma are shown in Fig. 8 . They were misclassified using the m avg estimates obtained from the reference and strain-compounding Nakagami images, due to the complexity of their cellularity and sarcomatous components. However, this fibroadenoma appeared to exhibit greater displacement during compression, while the invasive ductal carcinoma showed the opposite behavior. Accordingly, both lesions could be accurately diagnosed using the FHWM ratio estimates (i.e., 0.75 vs 0.95). The results also show that the FWHM estimate correlated closely with the location and size of delineated regions (data not shown); therefore, the largest possible area of the suspicious tumor was selected to assess FHWM estimates. This study explored a novel method of combining the elasticity properties using the strain-compounding imaging method and the scatterer characteristics using the Nakagami image in order to characterize benign and malignant breast tumors. Under the same compression protocol, a benign tumor with a lower stiffness could exhibit a larger deformation, leading to a large difference in the scatterer arrangements between before and after compounding. Therefore, the Nakagami-parameter histograms for the strain-compounding Nakagami images were compared to the corresponding histograms obtained from the reference Nakagami images. Because there were a sufficiently large number of Nakagami parameters within the tumor region, its histogram would approximately follow a normal distribution that could be fitted using a Gaussian curve. The shape of the Gaussian curve was completely determined by the mean and standard deviation of the Nakagami-parameter histogram; in other words, the estimated FWHM values were dependent of its mean and standard deviation within the tumor region. The larger FWHM estimate indicates that the distribution of Nakagami parameter within the region is inhomogeneous.
The results demonstrated that the fitted Gaussian curves for the strain-compounding Nakagami images did not shift relative to those for the reference Nakagami images; namely, the m avg estimates of the tumor regions for these images were similar. This implies that the strain-compounding Nakagami imaging method can accurately reflect the physical characteristics of scatterers in breast tumors. Additionally, the FWHM ratio estimates were closer to 1 for malignant tumors than for benign tumors, indicating that the standard deviations of Nakagami parameters in malignant tumors remained virtually unaltered between before and after compounding. Most malignant tumors exhibit an elevated collagen density and reduced actin and myosin in myofibroblasts, which contribute to the higher stiffness of these tumors. 15 In conclusion, the strain-compounding Nakagami imaging technique has shown to have potential as a valuable adjunct to conventional ultrasound in the detection and characterization of breast masses. It could be useful in identifying benign lesions with calcifications that are incorrectly assigned as BI-RADS category 4 or 5 on B-scan images, thus avoiding unnecessary biopsies. Moreover, the proposed method could play an adjunctive role in applications where the use of elastography is limited by the lesion location and size. Nevertheless, the use of the FWHM ratio estimates would require the acquisition of appropriate training sets for the computeraided diagnosis of breast carcinoma. Besides, with the freehand compression presented, the results would be dependent on the experience of the examiner. In the future, other compounding techniques including spatial and frequency compounding can be used to lower the artificial bias. Furthermore, applying the strain-compounding technique to the B-scan images has an advantage of enhancing the visibility of the tumor boundary and can make it easier to accurately extract the morphological features describing the shape of the segmented mass. Therefore, future research should develop a specific supervised classification system based on the two different strain-compounding imaging methods in order to improve the accuracy of breast-tumor diagnoses. 
